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1  | INTRODUC TION
During	bivalve	ontogeny,	major	developmental	steps	occur	rapidly	
within	 the	 first	days	of	 life	 to	produce	the	 larval	 shell,	prodisso‐
conch	 I	 (PD	 I).	 Successful	 deposition	 of	 the	 PD	 I	 shell	 is	 essen‐
tial	 for	 subsequent	 development	 as	 the	 calcified	 shell	 provides	
structural	 support	 for	 swimming	 and	 feeding	 (Galtsoff,	 1964).	
Calcification	 begins	 as	 the	 precipitation	 of	 a	 calcium	 carbonate	
shell	onto	an	organic	template	during	the	trochophore	larval	stage	
which	 is	characterized	by	a	free‐swimming,	ciliated	 larva	 (Bayne,	
1976).	The	supply	of	calcification	substrates	(Ca2+	and	HCO3
−) to 
the	 site	 of	 calcification	 by	 means	 of	 transepithelial	 transport	 is	
crucial	(Ramesh,	Hu,	Thomsen,	Bleich,	&	Melzner,	2017).	In	addi‐
tion,	organic	matrix	components	such	as	shell	matrix	proteins	and	
carbohydrates	 (up	 to	 5%	 of	 shell	mass,	 Simkiss	 &	Wilbur,	 2012)	
are	 synthesized	and	 incorporated	 into	 the	growing	shell,	provid‐
ing	 the	organic	 template	 for	Ca2+	 deposition.	Although	 compris‐















of	protons	 from,	 the	calcification	space	 in	bivalves	 is	 regulated	by	
the	expression	and	activity	of	membrane‐bound	ion	transport	pro‐
teins	 (Ramesh	et	al.,	2017;	Sillanpaa,	Sundh,	&	Sundell,	2018).	The	




active	 ion	 transporters	 such	 as	 V‐type	 H+	 ATPases	 and	 H+/K+‐
ATPases	utilize	energy	 (ATP)	 for	proton	 translocation.	 Secondarily	
active	 proton	 transport	 is	 driven	 by	 the	 electrochemical	 gradient	







−	 exchangers,	 SLC4),	 or	 voltage‐gated	 proton	 channels.	
The	cellular	pathways	elicited	 to	 regulate	 intracellular	pH	are	 fun‐









































calcification	 (Thomsen,	 Haynert,	Wegner,	 &	Melzner,	 2015),	 we	
used	a	substrate‐limited	approach	(low	CT)	to	gain	insight	into	the	
role	of	these	genes,	primarily	those	 involved	 in	 inorganic	carbon	
acquisition	and	crystal	formation.







ture	 between	18	 and	25°C.	 Spawning	 individuals	were	 separated,	









2.1 | Experimental treatments and sample collection
Seawater	carbonate	chemistry	was	manipulated	by	the	addition	of	
















and	Roy	 et	 al.	 (1993),	 respectively.	 Cleaving	 embryos	were	 added	
to	treated	water	once	pH	had	increased	to	stable	values	(ca.	8.14).	
Temperature,	 salinity,	 and	 carbonate	 chemistry	 parameters	 of	 ex‐
perimental	conditions	are	shown	in	Table	S1.
For	 each	 experiment,	 embryos	 from	 single	 fertilizations	 were	





To	 correct	 for	 developmental	 delay	 in	 treatment	 bottles,	 samples	









Samples	were	 quickly	 concentrated	 on	 a	mesh	 (55	µm),	 trans‐









2.2 | RNA extractions and sequencing
Total	RNA	was	extracted	from	samples	using	a	RNeasy	Mini	Kit	ac‐
cording	to	manufacturer's	instructions	(Catalog	no.	74104,	Qiagen).	
RNA	 yield	 and	 purity	were	 initially	 assessed	 by	measuring	 A260/
A230	and	A260/A280	 ratio,	with	a	NanoDrop	spectrophotometer	
(NanoDrop2000;	Thermo	Scientific),	 followed	by	 integrity	analysis	
on	 a	 bioanalyzer	 (Experion,	 Bio‐Rad).	 The	 libraries	were	 prepared	
from	1	µg	RNA	per	sample	with	the	TruSeq	stranded	mRNA	HT	sam‐
ple	preparation	kit	 (Illumina).	The	quality	and	concentration	of	 the	










All	 bioinformatics	 analyses	were	 carried	 out	 using	 default	 param‐
eters,	unless	otherwise	specified.	 Illumina	adapter	trimming	of	the	
reads	was	 performed	 using	 Trimmomatic	 v.0.33	 (Bolger,	 Lohse,	 &	
Usadel,	2014),	and	the	reads	were	further	trimmed	based	on	qual‐
ity	and	length	using	Fastq‐mcf	v.1.04.636	(Aronesty,	2011),	setting	
the	Phred	quality	 score	 to	30	and	minimum	read	 length	 to	60	bp.	
A	published	mantle	transcriptome	of	Baltic	M. edulis‐like	individuals	
(Yarra,	 2018,	PRJNA494236),	 collected	 from	 the	 same	geographic	
coordinates	 as	 the	 animals	 in	 this	 study,	 was	 used	 for	 mapping	
reads.	 The	 cleaned	 reads	were	 aligned	 to	 the	 Baltic	M. edulis‐like	
mantle	transcriptome	(Yarra,	2018)	using	Bowtie	v.1.1.1	(Langmead,	
Trapnell,	Pop,	&	Salzberg,	2009),	and	the	digital	measure	of	transcript	
abundance	was	 calculated	 using	 RSEM	 (RNA‐Seq	 by	 Expectation‐
Maximization)	 v.1.2.20	 (Li	&	Dewey,	2011).	All	 contigs	with	digital	
expression	levels	less	than	2	counts	per	million	(CPM)	at	the	Trinity	

















were	mined	 for	domain	and	 family	 information	using	 Interproscan	
(Jones	et	al.,	2014),	and	Gene	Ontology	(GO)	terms	for	contigs	were	
assigned	based	on	the	Interpro	database	(Finn	et	al.,	2017).
Differentially	 expressed	 contigs	 between	 developmental	
stages	and	treatments	were	identified	using	edgeR	3.20	(Robinson,	
McCarthy,	 &	 Smyth,	 2010).	Differential	 gene	 expression	 between	
the	different	 libraries	was	 assessed	using	 the	paired	experimental	






with	 a	 FDR	 value	 of	 at	 least	 0.001	 were	 considered.	 For	 further	
GO	 enrichment	 analysis,	 only	 expression	 profiles	 with	 at	 least	 a	
50%	posterior	probability	 (Max	PP)	were	used.	Enrichment	of	GO	























kg	 seawater	 under	 control	 conditions	 to	 941.7	 ±	 51.3	 µmol/kg	
seawater.	In	addition,	a	reduction	in	bicarbonate	availability	from	
1840.8	 ±	 23.2	 to	 888.3	 ±	 47.5	 and	 carbonate	 availability	 from	
108	±	 3.7	 to	 43.7	 ±	 5	was	 observed	 (Table	 S1).	 Further,	 seawa‐
ter CT	 reductions	were	associated	with	a	decrease	 in	pCO2	 from	
423.4	±	7.2	µatm	under	control	conditions	to	244.6	±	23.7	µatm	
and	Ωaragonite	 from	1.7	±	0.03	 to	0.6	±	0.08.	Development	at	 re‐
duced	 CT	 resulted	 in	 a	 developmental	 delay	 starting	 at	 22	 hpf,	
corresponding	 to	 the	 onset	 of	 calcification	 (Ramesh	 et	 al.,	
2017,	 Figure	 S1,	 Table	 1).	 The	 mean	 developmental	 delay	 was	
1.71	±	1.38	hr,	 and	 in	one	 family,	 the	delay	was	observed	 to	 go	
up	to	6	hr	(Table	1).	The	variability	in	developmental	delay	across	
replicates	may	be	attributed	to	biological	variability	 in	 larval	en‐














Reared under low CT conditions
F001 F002 F003 F004
Early	trochophore Precalcification 20 20 20 20 20
Trochophore Larvae	exhibit	dorsal	flattening	at	the	region	of	the	shell	field	which	
marks	the	onset	of	calcification





24 25 25 24 25
Trochophore 49%	±	7.7%	of	the	larval	shell	is	covered	by	a	mineralized	shell 27 29 29 28 28
Late	trochophore 76.9%	±	7.9%	of	the	larval	shell	is	covered	by	a	mineralized	shell 30 33 32 31 31
D‐veliger Larvae	have	secreted	the	PD	I	shell	and	exhibit	a	distinctive	“D”	shape 35 41 35 36 36
Note:	Changes	in	shell	cover	are	quantified	from	N	=	20	larvae	and	are	reported	as	mean	±	SD.	Under	control	conditions,	larval	development	across	
families	was	relatively	uniform	(maximum	standard	deviation	=	ca.	+7%	shell	cover,	Table	1)	and	sampled	at	six	identical	time	points.










In	 the	 pairwise	 comparisons	 between	 treatment	 and	 control	
libraries,	 very	 few	contigs	 (53)	were	 found	 to	be	differentially	 ex‐
pressed	at	each	developmental	stage	(Table	S3).
However,	 multiple	 contigs	 were	 found	 to	 be	 differentially	
expressed	 between	 the	 pairwise	 comparison	 of	 developmental	
stages.	 A	 large	 number	 of	 contigs	 (22,564)	 were	 differentially	
expressed	 between	 Stage	 1	 and	 each	 subsequent	 developmen‐
tal	 stage,	 and	 multiple	 contigs	 were	 also	 found	 to	 be	 differen‐





The	 time	 series‐based	 differential	 gene	 expression	 analysis	
revealed	 two	 expression	 paths	 to	 be	 the	most	 prevalent	 during	
PD	 I	 development	 in	 the	 Baltic	M. edulis‐like	 trochophore	 stage	
(Table	2).	Enrichment	of	GO	terms	in	the	most	prevalent	expres‐
sion	 profile	 “Down‐Up‐Up‐Up‐Up”	 (for	 families	 reared	 under	
control	 conditions)	 revealed	 multiple	 functions	 associated	 with	
biomineralization,	 such	 as	 calcium	 ion	 binding,	 chitin	 binding,	




and	 treatment	 libraries	 was	 different	 between	 developmental	
stages	(Table	S4),	the	enriched	GO	functionalities	were	very	simi‐
lar	between	treatments.





−)	 for	 larval	 calcification.	 Substrate	 (CT)	 limitation	
TA B L E  2  Top	ten	expression	profiles	and	number	of	contigs	within	each	expression	profile
Control libraries Treated libraries
Expression profile Num. contigs Expression profile Num. contigs
Down‐Up‐Up‐Up‐Up 1,249 Down‐Up‐Up‐Up‐Up 1,242
Up‐Down‐Down‐Down‐Down 837 Up‐Down‐Down‐Down‐Down 867
Up‐Down‐Down‐Down‐Up 492 Down‐Down‐Down‐Down‐Down 447
Down‐Down‐Down‐Down‐Down 470 Down‐Up‐Down‐Down‐Down 393
Down‐Up‐Down‐Down‐Down 357 Down‐Up‐Down‐Down‐Up 354
Down‐Up‐Up‐Up‐Down 333 Down‐Up‐Down‐Up‐Up 294
Down‐Up‐Up‐Down‐Down 137 Down‐Up‐Up‐Up‐Down 291
Up‐Down‐Down‐Up‐Up 105 Up‐Down‐Down‐Down‐Up 205
Down‐Up‐Down‐Down‐Up 99 Up‐Down‐Up‐Down‐Down 191
Up‐Down‐Up‐Up‐Up 92 Up‐Down‐Up‐Up‐Down 173
Note:	Only	contig	expression	profiles	with	at	least	0.001	FDR	and	posterior	probability	of	at	least	50%	are	summarized.
TA B L E  3  Enrichment	of	GO	terms	in	the	top	two	expression	
profiles
































proteins	 that	 transport	 a	 diverse	 set	 of	 anions,	 including	 HCO3
− 
(Cordat	&	Casey,	2009).	During	the	course	of	Baltic	M. edulis	larval	














sess	 several	 cellular	 HCO3
−‐transporting	 proteins.	 Two	 putative	
mussel	 HCO3
−‐transporting	 proteins,	 which	 share	 high	 sequence	





In	 contrast	 to	 the	 small	 number	of	 contigs	 exhibiting	differen‐
tial	 expression	 in	 response	 to	 substrate	 limitation,	 several	 contigs	
putatively	encoding	ion	transport	proteins	corresponding	to	solute	
carrier	families	SLC4,	SLC9,	and	SLC26	were	differentially	expressed	









Multiple	 genes	 that	 encode	 shell	 matrix	 proteins	 previously	 iden‐
tified	 in	 the	 shell	matrices	 of	 adult	Mytilus	 spp.	 and	 expressed	 by	
the	adult	mantle	tissue,	particularly	during	shell	repair,	were	found	
to	 be	 differentially	 expressed	 during	 larval	 shell	 development.	






In	 this	 study,	we	 employed	 a	 two‐stage	 analysis.	 First,	we	 used	 a	
calcification	 substrate‐limited	 approach	 (low	 dissolved	 inorganic	
carbon,	CT)	to	identify	acid–base	regulatory	proteins	necessary	for	
larval	 calcification.	 Second,	 we	 analyzed	 gene	 expression	 profiles	
over	the	developmental	time	course	of	M. edulis	larvae	and	observed	
the	 dynamic	 expression	 of	 several	 contigs	 encoding	 ion	 transport	
and	shell	matrix	proteins	associated	with	particular	developmental	
Stage Upregulated
Sequence similarity to transmembrane 
transporters of interest Downregulated
1 0  0
2 0  0







6 21  5













































































































































































175059_c1_g4 165520_c0_g2 166908_c0_g4 169687_c0_g2 173786_c0_g2
(f)
179651_c3_g2 95691_c0_g1 166271_c2_g1 167998_c0_g2 176772_c2_g1
175808_c1_g5 173725_c0_g1 155835_c0_g1 170482_c0_g1 174921_c2_g3
179905_c2_g1 171813_c0_g4 174400_c0_g2 176141_c2_g2 165363_c0_g1
169083_c0_g2 173934_c0_g2 165050_c0_g1 178761_c3_g2 178396_c3_g2
Candidate  (SLC26)
NBC (SLC4)Anion exchanger
Anion transporter (c) (d) (e)
(g) (h) (i) (j)
(k) (l) (m) (n) (o)
(p) (q) (r) (s) (t)
NBC (SLC4) SERCA Ca2+ ATPase SERCA
NCX  (SLC8) NCX  (SLC8) NCX  (SLC8) Cation transporter
CBE (SLC4)
Anion transporter Anion transporter Anion exchanger
CBE (SLC4) CBE (SLC4)
Ca2+ ATPase
Prestin (SLC26)
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availability,	 respectively.	 Such	modifications	 in	 seawater	 carbonate	




fication	rates	 in	Mytilus edulis	 (Thomsen	et	al.,	2015).	However,	 the	
relatively	 short	 developmental	 delay	 1.71	 ±	 1.38	 hr	 also	 indicated	





transcriptomic	 studies	 have	 not	 accounted	 for	 such	 developmental	
delays	 (Kelly,	 Padilla‐Gamino,	&	Hofmann,	 2016).	Our	 results	 dem‐
onstrate	the	importance	of	correcting	sample	collection	for	develop‐
mental	delays	since	we	observed	that	differences	in	shell	morphology	
(percentage	 shell	 cover)	 were	 related	 to	 specific	 gene	 expression	


















Phylogenetic	 tree	 analyses	 revealed	 similarity	 between	 the	M. 
edulis	SLC26	contig	and	the	human	SLC26A11	sulfate/anion	trans‐
porter	(Figure	3).	Recently,	the	function	of	SLC26A11	transporters	
as	 sodium‐independent	 sulfate	 transporters	has	been	critically	 re‐
viewed	based	on	observations	of	their	function	as	a	chloride	channel	
in	mice	neurons	using	electrophysiological	 techniques	 (Rahmati	 et	
al.,	2013).	Furthermore,	 transfection	of	 the	SLC26A11	transporter	
in	mouse	neuronal	 cells	hints	 toward	 the	activation	of	V‐type	H+‐
ATPases	 by	 SLC26A11	 transporters	 inducing	 proton	 translocation	
(Rahmati	et	al.,	2013).	Alternatively,	the	upregulation	of	this	trans‐










tential	roles	in	M. edulis	 larval	calcification,	 including	at	 least	eight	




ficient	 of	 transcription	 factor	 Sox	8	 (upregulated	 under	 low	CT	 at	
Stages	5	and	6)	exhibit	reduced	bone	mass	and	impaired	osteoblast	
differentiation	(Schmidt	et	al.,	2005).	Interestingly,	the	function	of	
transcription	 factor	 Sox	 8	 is	 strongly	 linked	 to	 the	 expression	 of	
runt‐related	 transcription	 factor	 2	 (Runx2;	 Schmidt	 et	 al.,	 2005),	
where	 Runx2	 (upregulated	 under	 low	CT	 at	 Stages	 3	 and	 5)	 is	 an	
important	regulator	of	mammalian	bone	formation	 (Fowlkes	et	al.,	
2008;	Franceschi	&	Xiao,	2002;	Takarada	et	al.,	2013)	and	arterial	
calcification	 (Ruffenach	 et	 al.,	 2016).	 Two	 other	 transcripts	 puta‐
tively	 encoding	 tumor	 necrosis	 factor	α‐inducing	 proteins	 and	 in‐
terleukin1	receptor‐associated	kinase	4	(IRAK4)	that	were	observed	
to	be	upregulated	under	low	CT	conditions	in	M. edulis	larvae	have	









































the	present	study	utilized	a	 transcriptome	assembled	 for	 the	adult	
Baltic	M. edulis‐like	mantle	tissue.












(NBCs)	 and	 Na+‐driven	 Cl−/HCO3





the	 NBCs	may	 function	 at	 a	 Na+:HCO3






and	 may	 similarly	 also	 be	 functionally	 characterized	 into	 various	
groups	 depending	 on	 stoichiometry	 (Soleimani,	 2013).	 Therefore,	
depending	on	which	HCO3










matrix	 proteins	 investigated	 in	 this	 study,	 a	 sequence	 encoding	 an	
NBC	exhibited	high	transcript	abundance	during	the	larval	develop‐
ment	of	M. edulis	with	a	peak	in	expression	during	early	calcification	























Ca2+ + HCO3– CaCO3 + H+
Primary active ion transport 
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(TRINITY_DN167998_c0_g2)	 and	 SLC26	 (TRINITY_DN173725_c0_





Ca2+	 is	not	accumulated	and	stored	by	mussel	 larvae	 (Ramesh	et	
al.,	 2017).	 Rapid	 calcification	 of	 the	 PD	 I	 shell	 in	mussels	 is	 ac‐
companied	 by	 a	 tremendous	 uptake	 of	 calcium	 by	 larvae	within	
a	 few	 hours	 (Ramesh	 et	 al.,	 2017).	 In	 contrast	 to	 larval	 sea	 ur‐
chins	 (Vidavsky	 et	 al.,	 2016;	 Vidavsky,	 Masic,	 Schertel,	Weiner,	
&	 Addadi,	 2015)	 the	 acquisition	 of	 the	 calcification	 substrates	
Ca2+	 and	 HCO3
−	 from	 seawater	 via	 endocytotic	 transport	 does	
not	seem	to	be	a	major	pathway	for	calcium	acquisition	 in	 larval	
mussels,	suggesting	that	uptake	of	Ca2+	likely	occurs	via	transepi‐
thelial	 pathways	 (Ramesh	 et	 al.,	 2017).	Our	 study	 indicated	 that	
in	M. edulis,	 four	 transcripts	 (sarco/endoplasmic	 reticulum	Ca2+‐
ATPase	 [SERCA],	 Ca2+‐ATPases,	 Ca2+	 channels,	 and	 sodium/cal‐




contigs	 encoding	 SERCA	 and	 NCX,	 suggesting	 a	 pivotal	 role	 of	
these	transporters.	In	mammalian	cells,	SERCA	is	crucial	for	main‐
taining	low	intracellular	Ca2+	concentrations	by	sequestering	Ca2+ 
within	 the	 sarco/endoplasmic	 reticulum	 (Arruda	 &	 Hotamisligil,	
2015).	In	adult	bivalves,	SERCA	has	been	suggested	to	play	a	role	










role	 in	mammalian	osteoblast	 (bone)	 calcification	and	avian	egg‐
shell	mineralization	(Cheidde,	Viera,	Lima,	Saad,	&	Heilberg,	2003;	











adult	 oysters	 (Sillanpaa	 et	 al.,	 2018).	 Specifically,	 Sillanpaa	 et	 al.	
(2018)	suggest	the	role	of	NCX	proteins	on	the	basolateral	mem‐
brane,	 while	 voltage‐dependent	 Ca2+	 channels	 facilitate	 Ca2+ 
transport	 on	 the	 apical	membranes	of	 the	 calcifying	 epithelia	 in	
adult	oysters,	Crassostrea gigas.
4.2.3 | Na+ transport




by	 secondary	 transport	 proteins	 (Boron	 &	 Boulpaep,	 2009).	 The	
exchange	 of	 sodium	 and	 hydrogen	 ions	 via	 the	 sodium/hydrogen	
exchanger	(NHE)	belonging	to	the	SLC9	family	is	one	such	second‐
ary	 pathway	 driven	 by	 the	NKA.	 The	 elevated	 coexpression	 pat‐
terns	 of	 a	mitochondrial	 NHE	 and	NKA,	where	 contigs	 encoding	
these	 proteins	 exhibit	 peaks	 in	 expression	 during	 trochophore	







etogenesis	 where	 amiloride‐sensitive	 ion	 transport	 proteins	 such	
as	 the	NHE	have	been	demonstrated	 to	be	significant	 for	cellular	
pH	regulation	(Stumpp	et	al.,	2012).	In	addition	to	elevated	expres‐
sion	of	contigs	encoding	NHEs	at	the	onset	of	 larval	calcification,	
we	 also	 observed	 a	 peak	 in	 expression	 of	 gene	 encoding	Na+/H+ 
exchange	regulatory	factor	 (NHERF).	Na+/H+	exchange	regulatory	
factor	proteins	are	involved	in	regulating	the	function	of	NHE	and	
have	 a	 pivotal	 role	 in	 bone	 formation,	 where	 their	 regulation	 of	
NHEs	 is	 crucial	 for	osteoblast	differentiation	and	strength	 (Liu	et	
al.,	2012).
4.2.4 | H+ transport
Apart	 from	 NHE	 (see	 above),	 several	 contigs	 putatively	 encoding	
H+	 transporters	were	 differentially	 expressed	 during	 larval	 devel‐
opment.	Among	these,	contigs	encoding	VHAs	exhibited	a	peak	in	
expression	during	PD	 I	stage	of	 larval	development.	 In	addition	to	




calcifying	 coccolithophore	 cells,	 preventing	 cytoplasmic	 acidifica‐
tion	 (Taylor,	 Chrachri,	 Wheeler,	 Goddard,	 &	 Brownlee,	 2011).The	











are	 ion	 transport	 proteins	 that	 are	 essential	 for	 maintenance	 of	
cellular	 electrogenic	 gradients,	 cell	 volume,	 etc.	 During	 the	 on‐
togenetic	development	of	M. edulis,	expression	of	several	contigs	
encoding	chloride	(Cl−)	and	potassium	(K+)	channels	was	observed.	





activity	 of	 Cl−	 channels.	 Alternatively,	 Cl−	 efflux	 may	 occur	 via	
cation‐coupled	 pathways	 (SLC12)	 or	 H+/Cl−	 exchange.	 However,	
contigs	encoding	such	Cl−	 transport	proteins	did	not	exhibit	high	





the	 inward	 rectifier	K+	 channel	 (Kir,	 Figure	S3).	 Interestingly,	 this	








4.3 | Shell matrix proteins (SMPs)
It	 has	 long	 been	 known	 that	 SMPs	 play	 a	 critical	 role	 in	 calcium	
deposition	and	shell	development	(Weiner	&	Traub,	1984;	Wheeler	




development.	 Similar	 to	M. edulis‐like	 larvae,	 three	SMPs	 (nacrein,	
EGF‐like,	and	tyrosinase)	have	also	been	observed	to	be	expressed	









of	 the	 larvae.	 Contigs	 containing	 copper‐binding	 domains	 such	 as	
amine	 oxidase,	 dopamine‐β‐hydroxylase,	 and	 tyrosinase	were	 also	








control	 include	proteases	and	protease	 inhibitors	 that	behave	an‐









fore	 larval	 calcification,	 suggesting	 a	 putative	 involvement	 in	 ini‐
tial	crystal	deposition.	The	contig	containing	the	protease	domain,	
peptidase	C1A,	was	observed	to	increase	in	expression	throughout	
shell	 formation,	 thus	 not	 following	 the	 pattern	 of	 other	 protease	
and	protease	 inhibitors.	However,	 this	may	be	because	peptidase	
C1A	domains	occur	 in	multifunctional	 proteins	which	 are	 also	 in‐
volved	in	immune	functions.
Although	 bivalve	 larval	 shells	 are	 composed	 of	 only	 one	 cal‐
cium	carbonate	polymorph,	aragonite	 (Kudo	et	al.,	2010;	Yokoo	et	
al.,	 2011),	 several	 SMPs	 (tyrosinase,	 gigasin‐like	 and	 alveoline‐like	
proteins)	that	were	previously	identified	in	the	calcitic	fibrous	prism	
structures	of	adult	mytilid	shells	(Gao	et	al.,	2015;	Liao	et	al.,	2015)	
were	 also	 expressed	 in	 the	Baltic	M. edulis‐like	 developing	 larvae.	
This	emphasizes	the	need	for	further	investigation	into	larval	stages	
over	 a	 longer	 developmental	 time	 period	 to	 determine	 whether	
there	is	specific	SMP	partitioning	with	development.
5  | CONCLUSIONS
By	 rearing	mussel	 larvae	 under	 conditions	 of	 substrate	 limitation	
for	 calcification	 and	 analyzing	 differential	 gene	 expression	 pat‐
terns,	we	were	able	to	 identify	a	membrane‐bound	transport	pro‐
tein	 potentially	 involved	 in	 HCO3
−	 acquisition,	 belonging	 to	 the	
SLC26	 family	 of	 anion	 transporters	 and	 other	 candidate	 genes	
previously	 identified	 in	human	biomineralization.	 Interestingly,	the	
present	study	identifies	only	a	small	subset	of	contigs	to	be	differ‐
entially	expressed	under	substrate	limitation.	Although	this	may	be	
improved	 by	 a	 stronger	 CT	 treatment	 (>50%	 decrease	 relative	 to	
control),	higher	sequencing	depth,	and	 level	of	replication,	bivalve	
larvae	may	possess	a	fixed	capacity	to	modify	their	transcriptomic	
     |  13RAMESH Et Al.
developmental	program.	This	is	consistent	with	previous	studies	on	
bivalve	larval	development	that	observed	no	significant	changes	in	
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